Chiral patterns are created by focused ion-beam milling nano-grooves with sub-15 nm resolution on thin metal films and arrays of nanoparticles, scattering and absorbing light selectively for left and right circularly polarized light, with high fidelity over fields up to 100 × 100 µm 2 without positioning errors. This allows to carry out numerical simulations to estimate light enhancement and circular dichroism both on ideal and realistic particles taken from SEM images, showing doubling of scattering cross-section and enhancement changes up to 5 times controlled by dichroism, with localized field enhancements up to 20000. Wideband refractive index spectra in 3D-FDTD are correctly represented by overcoming the polynomial approximations to give accurate field and force/torque results for generalized artificial materials.
INTRODUCTION
An interesting property of bioactive substances is their preferential handedness: e.g. amino acids, the building blocks of life are left-handed, while sugars are right-handed molecules.
1 This property is attractive to build nano-structures with different responsivity to the chirality of circularly-polarized light (circular dichroism) to give controlled effect when molecules of appropriate chirality are detected.
The introduction of plasmonic nano-particles 2 adds nano-focusing properties that can be exploited to manipulate light interaction on a scale from 1 to 100 nm, enabling versatile handling and trapping of nano-objects in that size range. This requires a very accurate fabrication capability in order to control the particle layout and shape in ordered or semi-random patterns, as has been shown in several instances in light harvesting and sensing applications, [3] [4] [5] [6] and in the development of light-driven nano-motors.
7
When such tiny objects are in close proximity of metal edges and grooves, especially of regions where field enhancement hot-spots are located, they selectively interact with the light near-field increasing or reducing the trapping force. 8 The light field enhancement is particularly favourable when the nano-gap width is of the order of 10 nm or less. Figure 1 . Sketches of fabricated and modeled plasmonic nano-structures: (a) EBL-defined chiral nano-particle with IBLmilled left-handed grooves, maximum groove elongation is 10% of radius, and (b) nano-wells fabricated by dry etching of Au-film beneath PMMA mask with holes, which results in Au re-sputtering and deposition of a conical shape around the hole rim.
Dielectric and metallic particles in the sub 100-nm range have been trapped with plasmonic nano-antennas, [9] [10] [11] and by optical pulling in fishnet metamaterial modeling;
12 also by double nano-holes 13 that have shown ability to trap single proteins.
14
The necessity to manipulate substances down to single molecule leaves open the interesting problem to trap and position such tiny object with full control and unobstructed light access: optical trapping ability of nanometric objects is limited as the object is reduced to 50 nm size or less, as trapping force is too weak to give stable trapping under Brownian motion. Laser power can be increased to offset the problem, at the cost of risk to damage biological samples. This is as traditional optical trapping relies on forces originated by the beam in conditions of minimal perturbation by the object, however the possibility has recently emerged to rely on the object material and shape to achieve controlled focusing and localized beam interaction. This technique, known as self-induced backaction (SIBA), 15 offers new ways to control trap action, allowing to reduce the optical intensity, and also trap objects farther away from the substrate, where they can be easily accessed for manipulation and probing.
The development of this technique is enabled by the possibility to accurately simulate the SIBA behaviour by numerical methods such as 3D finite-difference time-domain (3D-FDTD).
16 Photonic-crystal nano-cavities can thus be designed to trap dielectric spheres 17 and waveguide-etched resonators can trap and rotate nanorods.
18
The circular dichroic properties of chiral and non-chiral ion-milled nano-particles, where an example is shown in Fig. 1(a) , have been investigated by numerical modeling of the intensity distribution, showing the ability to precisely control hot-spot position and enhancement, and the ideal shapes have been compared with realistic shapes taken from SEM imaging of fabricated particles. The SIBA trapping phenomenon has been modelled in conical nano-well structures realized by back-sputtering of gold through the holes of a photoresist mask, as shown in Fig. 1(b) , showing trapping in water of nanometric size beads, both made of dielectric and of metal.
The fabrication with high precision of chiral and non-chiral shapes patterned to sub-15 nm resolution over wide surfaces has been achieved by combining the strengths of electron-beam and ion-beam lithographies, [19] [20] [21] where errorless positioning of grooves as long as 530 nm has been achieved on 20-µm breadths.
FABRICATION
The chiral plasmonic particles have been tailored by combining two steps of ion-beam lithography (IBL, Raith IonLiNE) and electron-beam lithography (EBL, Raith 150 T W O ), obtaining chirality by ion milling of 15 nm grooves. Standard lift-off procedure was used to define primary circular particles-EBL was done on glass (BK7) substrate in positive (PMMA) resist from MicroChem Corp. 40 nm Au on top of 3 nm Ti adhesion layer was magnetron sputter-coated (AXXIS, Kurt J. Lesker) through resist mask onto glass. Resulting nanocylinders of around 750 nm diameter were IBL-milled obtaining final 500 nm diameter and sub-15 nm grooves, as demonstrated by SEM images in Figure 2 . Wavelength (nm) The nano-wells were obtained by a procedure firstly involving sputtering Au film of 100 nm on glass wafer, which was coated with a layer of positive resist, and then EBL was performed to make openings in the resist film. Reactive ion etching (Samco RIE-101iPH) process utilizing Ar plasma was used to re-sputter gold, some of which deposited on the side walls of the mask holes. Removal of resist resulted in free-standing conical wells defined by the hole shapes. The holes pass through the whole thickness of the Au layer, as evidenced by SEM imaging in Figure 3 . (c) (a) Figure 5 . 3D-FDTD material refractive index modeling: 500 nm dielectric cylinder on glass with theoretical index n = 1.6 + i. (a) and (b) are the comparisons between the real and imaginary parts, respectively, of our exact representation of the theoretical index (blue) and the FDTD approximating polynomial (green). Calculation of torque in (c), shows that at long wavelength the approximate (dashed) curve clearly twice overshoots our correct theoretical (solid) one, when illuminated by a plane wave of spin momentum s.
MODELING
Numerical modeling with the 3D finite-difference time-domain (FDTD) method (Lumerical from FDTD Solutions) permits to efficiently obtain the wideband spectra of properties such as extinction and field enhancement. A total-field scattered-field (TFSF) source is used to separate scattering and absorption contributions, 22 which are the most affected by circular dichroism in the chiral-grooved plasmonic particles. Spatial filtering is employed to separately consider the enhancement in different hot-spots along the particle shape, such as groove center and corners. We decided to measure the |E| 2 normalized enhancement on the top side of the particle, as it is the most likely region for the biomolecules dissolved in a liquid to approach the cylinder and feel the hot-spot effect.
We placed the 530-nm gold particle on a silica substrate, and illuminated it with a plane wave in the zdirection from the substrate side using the TFSF source, using monitor boxes to retrieve cross-sections and field monitors to estimate field enhancements. The use of the TFSF source enabled to enclose the 1 µm 3 domain with perfectly matched layers (PMLs) to absorb the scattering components and avoid their reflection from the domain boundaries. Material properties were modeled according to experimental refractive index spectra, and inverse transformed into the time domain by way of a polynomial approximation that involves a certain degree of inaccuracy, as has been considered later. The minimum mesh size used was 2 nm, for a running time of 1 hour on a 64-core cluster.
To model the grooves we drew and replicated a sinusoid adjusted for one period to cover the particle diameter and the maximum deviation to be one fifth of the diameter; a polygon was built from it and used to create the simulated groove. Moreover, in order to understand how the fabrication process affected these results, a second set of simulations was performed employing the SEM images of the particles in Fig. 2 as templates: they were imported in the software by setting a brightness threshold that would capture correctly the groove shape and width, extruded to the correct height of 40 nm, and subject to the same simulation conditions as the ideal ones.
In order to model the nano-wells, we placed a 100-nm gold layer on glass where we made a lattice of 200-nm diameter holes with conical 100-nm wells on top with a maximum wall thickness of 30 nm. All was filled with water (n = 1.33) and a central area of 3×3 periods was illuminated by the TFSF source to achieve a homogeneous field distribution. The trapped object (a 50-nm diameter polystyrene or gold bead) was then introduced into the domain, making sure it was located in the total-field region, and embedded into a 3D E-field and H-field monitor; the source operated on a 400 nm to 1400 nm bandwidth.
We applied the approach previously elaborated 22 for the correct FDTD calculation of forces and torques applied by light to objects in the SIBA trapping environment, 23 showing how the method naturally includes the near-field focusing and influence of 50 nm diameter particles of different materials on the trapping conditions of the nano-wells, through full-vectorial Lorentz force approach.
Finally, a method was considered to offset the inaccuracies of the polynomial representation to the refractive index used in FDTD to approximate in time the inverse transform of the measured material spectra. In particular, it is possible to model the optical response of non-physical materials violating the causality principle (KramersKronig relations), but carrying interesting physical implications, e.g. constant refractive index and constant absorption on a wide wavelength bandwidth.
As shown in Fig. 5 , when the material is set with a constant theoretical complex refractive index n = 1.6 + i, the best available approximation, given by a third-order polynomial, is a curve that significantly overshoots the theoretical value, going as far as 50% higher for the real part ( Fig. 5(a) ) and 100% higher for the imaginary part ( Fig. 5(b) ). Based on this approximation, the Lorentz force approach was used to calculate the torque developed by absorption of a circularly-polarized plane wave of spin momentum s = ±1, on a cylinder of 500 nm diameter and 40 nm height on transparent glass, shown by the dashed curves in Fig. 5(c) and depicting a torque constantly increasing with absorption.
In order to reconstruct the torque curve due to the theoretical material, the bandwidth was split in 20 subdivisions, and in each of them the constant refractive index was adjusted so that the approximation would deliver the exact theoretical value at the central wavelength, where the fields were sampled. This led to the theoretical result shown by the solid curves in Fig. 5(c) , where it's interesting to note that the approximated result is very close below 1200 nm, corresponding to a maximum 30% variation of the imaginary part. Figure 4 shows the results of the simulations on the ideal particles, giving evidence of the effects of circular dichroism. In particular, Fig. 4(a) shows the absorption σ abs and scattering σ sc cross-sections normalized to the geometrical area, where a strong dichroism is noticeable around 1250 nm wavelength. The absorption of the left-handed cylinder is boosted 3 times when light with s = −1 is incident, and scattering is correspondingly halved. This well correlates with |E| 2 enhancement, which was separately measured on the centre nano-gap in Fig. 4(b) and at the groove corners in Fig. 4(b) . Two bands are found, around 700 nm (which is also associated Proc. of SPIE Vol. 8809 88092Z-5 to a weak cross-section effect previously found 22 ) and 1250 nm wavelength. The dichroic behaviour is different according to band and spatial position: at 700 nm, the enhancement is increased by s = +1 light at the centre (5 times) and s = −1 light at the corners (4 times), while at 1250 nm, the enhancement is only sensitive to s = −1 light (and increases less than twice in the centre, but 4.5 times at the corners). The same results apply to the right-handed cylinder with the input beam spin reversed.
RESULTS

Chiral nano-cylinders
The results for the particles extruded from the SEM images show some interesting differences. The realistic left-handed particle in Fig. 6 shows a fair match for the cross-sections with slight differences, especially in the absorption curves. In the case of this particular particle, the main enhancement peak is red-shifted by 200 nm, possibly due to a slightly larger dimension of the EBL-defined cylinders on this sample. The enhancement in the centre in Fig. 6(b) shows values one order of magnitude higher than the ideal case for s = +1 illumination, possibly due to the groove width being closer to 15 than to 20 nm. while the imperfections at the groove crossing lead to a substantially lower maximum value for s = −1. The values at the groove outer corners follow the simulation more closely in Fig. 6(c) , though the predicted enhancement is 4 time larger than the model and the dichroic enhancement is improved almost 9 times. In the case of this particular particle, the main enhancement peak is red-shifted by 200 nm, possibly due to a slightly larger dimension of the EBL-defined cylinders on this sample.
A typical right-handed particle was also modeled according to Fig. 2(b) , having a very close match to the simulated cross-sections (cfr. Figs. 7(a) and 4(a) ). This reflects in more consistent pictures of enhancement from the centre in Fig. 7(b) , where the preferred spin is s = +1 with enhancement 4 times higher than the model and around 20% dichroic change for s = −1. At the corners in Fig. 7 (c) the enhancement ratio is almost the same as the model though the maximum is about twice as large.
We also modeled a non-chiral particle (Fig. 2(c) ), which showed just a minor absorption peak and scattering dip around 1250 nm in Fig. 8(a) , with minimal circular dichroism, as expected. The field enhancement was in general minimally sensitive to input beam spin, but in this case the groove corners experienced a significant circular dichroism of the right-handed kind (Fig. 8(b) ) with up to 40% enhancement change, which we attribute to the slight off-centering of the vertical groove.
We then explored the effect of fabrication errors as in Fig. 2(c) , where the bottom and right-hand corners are short-circuited by thin gold bridges. This had the effect of halving the enhancement in the 1.5 µm band, and originating much stronger enhancement peaks at longer wavelengths from 2 to 2.5 µm (Fig. 8(c) ), interesting for compact sensing of molecular resonances that would otherwise require a much bigger cylinder to match the plasmonic resonance.
SIBA trapping in nano-wells
By doing a sequence of simulation with the bead moving in 10 nm steps around the trapping area, we were able to reconstruct the xz-plane trapping map of the SIBA nano-wells, in the two cases considering a 50 nm diameter bead made of polystyrene (n = 1.504) or of gold. The density of polystyrene is almost the same as water, thus the resulting buoyancy-gravity force is negligible with respect of the trapping forces, while gold has a density of ρ Au = 19320 kg/m 3 , resulting in a net downward force of 10 −17 N, which is still one order of magnitude less than the forces generated in the trap in normal illumination conditions. The force field maps close to the rim well are shown in Fig. 9 : in both cases a central trapping spot is found Proc. of SPIE Vol. 8809 88092Z-7 at (0, z 0 ) and two lateral ones appear making a ring of radius 50 nm in the polystyrene case in Fig. 9 (a) and 75 nm in the gold case in Fig. 9 (b). The polystyrene sphere is trapped at around 165 nm height from mid-metal layer, while the gold one is trapped at 150 nm. The maximum force for the polystyrene bead is 2 pN/W/µm 2 in all directions, while for the gold bead it is 10 times higher.
We calculated the trap stiffness around the trapping spot 24 as shown in Fig. 10 . Considering an incident intensity of 1 W/µm 2 , for the longitudinal z-direction we see that for the polystyrene bead in Fig. 10(a) , the trap has a stiffness of about 0.06 pN/nm, while for the gold bead it is much higher at 0.22 pN/nm. In the transverse x-direction in Fig. 10(b) , the stiffness is about 0.05 pN/nm for the polystyrene and 1 pN/nm for gold in the central spot. This makes the trapping of the gold bead very firm and stabilizes the trap.
DISCUSSION
The benefits of control of chiral properties of plasmonic nano-particles by circular dichroism will be manifold, both in laser trapping [25] [26] [27] [28] [29] [30] [31] [32] [33] and in sensing. [34] [35] [36] [37] The ability to effectively manipulate objects down to single molecules 7, 29, [38] [39] [40] [41] [42] is adding new functionality to surface enhanced Raman scattering (SERS), 40, 42 superresolution microscopy, 29, 42 nano-manipulation, 41 and fostering the discovery of new fundamental phenomena like optical pulling. 39, 43 Micro-optics fabricated by femtosecond laser will be able to harness angular momentum of light and open novel avenues in microfluidics applications.
44-49
The nano-cylinders have been successfuly milled with 15 nm grooves with absolute repeatability on a 20 × 20 µm area using our developed method described elsewhere, 21 making it a suitable technique to envision trapping and sorting by nano-particles on transparent membranes.
The asymmetries in the realistic image structure cause the energy to spread more evenly across the particle, in fact the FWHM of the main resonance peak around 1200∼1250 nm increases from 150 nm in the ideal case (Fig. 4(b) ) up to 200∼300 nm (Figs. 6(b) and 7(b)), in particular for the central hot-spot; on the corner the rounding creates a wideband background that can reach values as much as 40% of the main peak (Fig. 6(c) ).
When the nano-well substrates are illuminated from top as in this example, the field enhancement obtained is not very strong, one order of magnitude at most in water, with the formation of large hot-spots hovering above the the apertures. This is a straightforward trap for dielectric objects, however it is notable that a metallic bead can be trapped as well almost in the same position, and with a force one order of magnitude higher.
The optical trapping force would be F ( r, ω) = 1/2[α (ω) + iα (ω)]∇E( r, ω) 2 where (α + iα ) is the polarizability, r the position vector, and ∇E 2 the E-field intensity gradient. 50 For stable trapping, the light intensity gradient force (∝ α ) must exceed the force given by momentum transfer as the photons are back-scattered by the bead (∝ α ); this creates a potential well around the trapping position deep enough to compensate gravity, buoyancy, and the particle's Brownian motion.
51
The trapping condition is determined by the interplay by the modification to the field because of the presence of the bead, and the different polarizability of the equivalent dielectric or metal optical dipole oscillator created by the bead at optical frequency ω. The polarizability is linked to the material permittivity via the ClausiusMossotti equation, 52 giving a gold polarizability at 760 nm about 4 times that of polystyrene, compounded with the field enhancement given by the plasmonic effect to boost the trapping force. It is interesting that in the presence of only gradient forces, the gold bead would be repelled by the central trapping field maximum as much as the dielectric bead is attracted, while in this case the interaction modifies the field gradient locally to give trapping in similar position.
CONCLUSIONS
We show how it is possible to control field enhancement and cross-sections of IBL-milled gold nano-cylinders on glass by circular dichroism via circularly polarized light illumination. Particles are milled with sub-15 nm resolution at very high fidelity on wide areas larger than 20 µm on the side. Spin momentum of illuminating beam controls enhancement response of the chiral particle permitting one order of magnitude variation, useful for trapping and sorting of chiral molecules and structures.
We also showed the realization of 100-nm high conical nano-well structures on a gold layer patterned with a lattice of holes, which show SIBA trapping capability of 50-nm beads, both dielectric and metal. The simple plasma etching procedure leads to solid structures able to nano-tweeze efficiently very small quantities of matter, trapping it in exposed position useful for probing.
